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Abstract
Interactions between the soma and the germline are a conserved feature of spermatogenesis throughout the animal kingdom. In this
report, we find that the transcription factors eyes absent (eya) and sine oculis (so), previously shown to play major roles during eye
development [Cell 91 (1997), 881] are each required in the somatic cyst cells of the testis for proper Drosophila spermatocyte development.
eya mutant testes exhibit degenerating young spermatocytes. Mosaic analysis reveals a somatic requirement for both eya and so, in that
neither gene is required in the germline for spermatocyte development. Immunolocalization analysis supports this somatic role, since both
proteins are localized within cyst cell nuclei as spermatocytes differentiate from amplifying spermatogonia. Using antibodies against known
cyst cell markers, we demonstrate that cysts of degenerating spermatocytes in eya mutant testes are encysted, ruling out a role for eya in
cyst cell viability. Finally, we have uncovered a genetic interaction between eya and so in the testis, suggesting that, as in the eye, eya and
so may form a transcription complex responsible for the activation of target genes involved in cyst cell differentiation and spermatocyte
development.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Spermatogenesis involves the formation of a highly spe-
cialized gamete from a pool of undifferentiated stem cell
precursors. In all animal phyla from cnidarians to the chor-
dates, spermatogenesis involves a syncytium of germline
nuclei in close association with somatic support cells
(Roosen-Runge, 1977), suggesting soma-to-germline inter-
actions that may be conserved between vertebrates and
lower phyla.
Unlike mammalian spermatogenesis, where developing
germ cells are matured in a seminiferous epithelium, Dro-
sophila spermatogenesis occurs within a coiled testis tubule
in which germ cells develop linearly from the apical tip to
the basal end. At the apical tip, a cluster of nondividing
cells, known as the hub, anchors 5–9 germline stem cells
and twice as many somatic stem cells, or cyst progenitor
cells (Fig. 1) (Hardy et al., 1979; Lindsley and Tokuyasu,
1980). Asymmetric division of both stem cell populations
results in self-renewal of both stem cell lineages and the
generation of a functional spermatogenic cyst, which in-
cludes a germline founder cell, the gonialblast, encased by
2 somatic cyst cells (Go¨nczy and DiNardo, 1996). The cyst
cells no longer divide, but remain intimately associated with
the developing germ cell cyst for the duration of spermat-
ogenesis. The gonialblast, however, undergoes 4 rounds of
mitotic amplification with incomplete cytokinesis, forming
a cyst of 16 spermatogonia. Following amplification, the
spermatogonia exit the cell division cycle and initiate sper-
matocyte development, a process that involves a 25-fold
increase in cell volume, nuclear decondensation, and a mas-
sive increase in gene transcription. Subsequent meiosis and
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postmeiotic morphogenesis depend on the protein products
translated from the mRNAs synthesized during the sper-
matocyte stage (Fuller, 1993; Hardy et al., 1979; Lindsley
and Tokuyasu, 1980).
Interestingly, during mammalian spermatogenesis, de-
veloping germ cells are also intimately associated with a
somatic cell population, the Sertoli cells. Although Sertoli
cells do not derive from a stem cell population, they, like
cyst cells in Drosophila, function as somatic support cells
throughout spermatogenesis (Griswold, 1995). While nu-
merous aspects of spermatogenesis are thought to involve
input from the Sertoli cells, relatively few interactions have
been identified. Perhaps the clearest example is the presen-
tation of the Steel ligand by Sertoli cells to the Kit receptor,
located on spermatogonial stem cells (Ogawa et al., 2000).
Activation of the Kit receptor, a receptor tyrosine kinase,
induces the activation of phosphatidylinositol 3-kinase
(PI-3 kinase) (Blume-Jensen et al., 2000). Mutations in any
of these components result in a seminiferous epithelium
containing only early spermatogonia and Sertoli cells
(Ogawa et al., 2000), indicating that this cascade is required
for stem cells to generate differentiating progeny.
Although these discoveries hold promise, the complexity
of the mammalian testis, along with the difficulty of per-
forming a traditional forward genetic screen in mammals,
make it difficult to perform a systematic genetic analysis of
these pathways in mammals. In contrast, Drosophila is a
prime model genetic system to study differentiation and
soma-to-germline interactions during spermatogenesis.
Since insect and mammalian spermatogenesis are function-
ally similar, elucidating the genetic program of Drosophila
spermatogenesis will aid in the study of the mammalian
system.
Interactions between the soma and the germline in the
Drosophila testis are becoming progressively better charac-
terized. Both somatic cell populations of the testis, the hub
and the cyst cells, play critical signaling roles during sper-
matogenesis. First, at the apex of the testis, Jak-Stat signal-
ing between the hub and the germline stem cells is required
for the maintenance of the self-renewing capacity of these
cells (Kiger et al., 2001; Tulina and Matunis, 2001). Second,
a receptor-tyrosine kinase pathway acting in early-stage cyst
cells produces a signal that restricts germline stem cell
potential (Kiger et al., 2000; Tran et al., 2000). Thus, in the
stem cell niche of the testis, opposing signals from two
distinct somatic cell populations may compete in order to
govern germline stem cell fate.
Our lab and others have shown that progressive cyst cell
differentiation reflects the delivery of stage-specific signals
to the germline as the germ cells develop. For example,
Fig. 1. Early Drosophila spermatogenesis. While a typical testis contains
5–9 germline stem cells, this figure traces the development of 1 germline
stem cell (green) for simplicity. Both the germline stem cells (green) and
the somatic stem cells, or cyst progenitor cells (blue), are anchored around
the hub (black). Asymmetric division of both stem cell populations gen-
erates a spermatogenic cyst, which includes the gonialblast (orange) en-
cased by 2 somatic cyst cells (brown). Four consecutive germline mitoses
produce a cyst of 16 spermatogonia, which subsequently exit the cell
division cycle and initiate spermatocyte development.
Fig. 2. Testis phenotype of eva3cs/Df mutant males. Testes from heterozy-
gous balancer control (A, C, D) or eya3cs/Df (B, E, F) males were dissected,
fixed, and prepared for DIC microscopy (A, B) or dissected and prepared
as live mounts for acridine orange staining and DIC microscopy (C–F). (A,
B) Heterozygous balancer control (A) and eya3cs/Df testes examined by
DIC optics. Heterozygous balancer testes are wild-type in appearance (A),
exhibiting elongated bundles of mature sperm (arrowheads) and mature
spermatocytes (arrows). eya3cs/Df testes (B) appear smaller, thinner, and
filled with degenerating spermatocytes (arrows). (C–F) Heterozygous bal-
ancer control (C, D) and eya3c/Df (E, F) testes were stained with the vital
dye acridine orange and examined by DIC optics (C, E) or epifluorescence
microscopy (D, F). Small clusters of apoptotic cells were evident by DIC
optics (C, arrows) and acridine orange staining (D, arrows) in balancer
heterozygotes. In eya[3cs]/Df mutant testes, large clusters of dying cells
are evident (E, arrows). These degenerating cells possess the morpholog-
ical characteristics of germ cells and stain positively with acridine orange
(F, arrows), indicating that spermatocytes in the mutant preparations un-
dergo apoptosis. Bar, 100 m.
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while the same two cyst cells accompany a cyst of germ
cells from the gonialblast through the postmeiotic stages,
LacZ enhancer trap analysis demonstrates that cyst cells
undergo differentiation as spermatogenesis proceeds
(Go¨nczy et al., 1992). Also, punt and schnurri, two dpp/
BMP pathway components, are required in later-stage cyst
cells so that spermatogonia may exit the cell division cycle
and begin spermatocyte development (Matunis et al., 1997).
Most recently, an innexin encoded by zero population
growth (zpg) appears to form gap junctions on the surface of
developing germ cells in the testis (Tazuke et al., 2002).
Since these gap junctions appear to be clustered at the
interface between the developing germline and the cyst
cells, and mutations in zpg lead to spermatogenesis defects
prior to spermatocyte formation (Tazuke et al., 2002), it
appears that signaling between the soma and the early germ-
line may also occur through functional gap junctions.
While these studies have addressed soma-to-germline
interactions that regulate the earliest steps of spermatogen-
esis, namely germline stem cell division and spermatogonial
amplification, somatic input required for spermatocyte de-
velopment remains relatively uninvestigated. We present
here evidence for a soma-to-germline interaction that regu-
lates spermatocyte development. Our results show that eyes
absent (eya) and sine oculis (so), two transcription factors
known to be involved in Drosophila eye development (Pig-
noni et al., 1997), are required in the somatic cyst cells for
proper spermatocyte development. Moreover, genetic inter-
action studies reveal that Eya and So may act as a transcrip-
tion complex, as in eye development, to potentially activate
a repertoire of gene expression in the cyst cells that is
required for spermatocyte development.
Materials and methods
Fly stocks
eya3cs is a viable recessive allele generated by roo inser-
tion into the 5 untranslated region of the promoter. The
insertion results in the duplication of 5 bp of genomic
sequence and a partial loss-of-function phenotype (Zimmer-
man et al., 2000). Df(2L)E(P) 10 [also known as
Df(2L)eya10] is an 800-kb deficiency uncovering the eya
gene, encompassing polytene regions 26A–26E/F (Bonini et
al., 1998; Leiserson et al., 1998). cliIIE and clidl are pre-
sumed null alleles of eya and have been previously charac-
terized (Bonini et al., 1993; Boyle et al., 1997). so3 is a null
allele caused by a 1.0-kb deletion that removes both the
second exon and the ATG start codon (Cheyette et al., 1994;
Pignoni et al., 1997). so9 is a partial loss-of-function allele
caused by a deletion generated by partial P-element excision
in the first exon (Cheyette et al., 1994). LacZ842 is a
P-element enhancer trap that expresses LacZ in the hub, cyst
progenitor cells, and cyst cells of the testis (Go¨nczy et al.,
1992).
Acridine orange staining
Testes were dissected in Drosophila Ringers solution at
room temperature and stained by using a 1:1000 dilution of
acridine orange stock solution (500 g/ml in DMF) in
Table 1
Spermatocyte degeneration frequencies
Genotype Number of testes
dissected
Percentage of testes with
degenerating spermatocytes
Adults
eya[3cs]/Df(eya) 76 100
Balancer Sibs 148 7
so[3]/so[9] 57 0
Balancer Sibs 90 0
Df(eya)so[3]/so[9] 66 11
Balancer Sibs 167 0
eya[3cs]so[3]/so[9] 23 39
Balancer Sibs 25 0
Pupae
Df(eya)so[3]/so[9] 28 54
Balancer Sibs 27 0
so[3]/so[9] 18 0
Fig. 3. eya is not required in the germline for spermatocyte development.
Flies of the genotype hs-flp; FRT40A eyaIIE/ms(2)27CD FRT 40A (or
Ubi-GFP FRT40A) were subject to heat shock, aged for 5–7 days, stained
for X-Gal activity, and visualized by DIC optics. (A) ms(2)27CD FRT
40A/CyO testis revealing X-Gal activity stain in the absence of germline or
cyst cell clones. (B) A LacZ-negative null eyaIIE germline clone. Note the
presence of 16 viable spermatocytes. (C) A presumed eyaIIE cyst cell clone
exhibiting LacZ-positive, and, hence, genotypically Eya, degenerating
spermatocytes, (D–F) Presumed eyaIIE cyst cell clones exhibiting degen-
erating spermatocytes. (D) Lamin stain to outline nuclei; raised cysts (one
marked by arrow) mark degenerating germ cell cysts. (E) Degenerating
germ cells are still GFP-positive, and, hence, genotypically Eya. (F)
Merge of (D) and (E). The data in (C–F) imply a cyst cell requirement for
eya function. Bar, 50 m in (A–C), 15 m in (D–F).
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Ringers for 4 min in the dark. Testes were then mounted in
halocarbon oil and analyzed by using epifluorescence and
DIC optics.
Induction and analysis of negatively marked testis clones
All mutant clones were induced by using a 1-h heat
shock at 38°C followed by a 5- to 6-day aging at 25°C to
allow nonstem cell clones to be swept down the testis lumen
and to allow progeny of stem cell clones to differentiate into
spermatocytes. eya clones were induced in 0- to 2-day-old yw
P{ryHS-neo Flp12}; ms(2)27CD P{ryHS-neo FRT40A}/
cliIIE P{ryHS-neo FRT40A}, where ms(2)27CD is a LacZ
enhancer trap that marks both the cyst cells and the germ-
line. Control clones, prepared in parallel, were also induced
in 0- to 2-day-old yw P{ryHS-neo Flp12}; ms(2)27CD
P{ryHS-neo FRT40A}/P{ryHS-neo FRT40A} males,
along with yw P{ryHS-neo Flp12}; ms(2)27CD P{ryHS-
neo FRT40A}/CyO as a negative control for clone induc-
tion. In some experiments, a P{w; Ubiquitin-GFP} trans-
gene was substituted for ms(2)27C, in which case testes
were fixed as for immunolocalization (see below). so clones
were likewise induced in 0- to 2-day-old yw P{ryHS-neo
Flp12}; ms1059 P{ryLacZ[50D]} P{ryHS-neo FRT42D}/
so3 P{ryHS-neo FRT42D}, where ms1059 is a LacZ en-
hancer trap which marks the germline. Control clones from
0- to 2-day-old males, prepared in parallel, were induced in
yw P{ryHS-neo Flp12}; ms1059 PryLacZ[50D]}
P{ryHS-neo FRT42D}/P{ryHS-neo FRT42D}, along
with yw P{ryHS-neo Flp12}; ms1059 PryLacZ[50D]}
P{ryHS-neo FRT42D}/CyO as a negative control for
clone induction. After heat shock and aging, testes were
dissected in Ringers and transferred immediately to a tube
of Ringers on ice. Upon completion of dissection, testes
were fixed for 15 min in 2.5% glutaraldehyde (EM grade,
Fluka) in 50 mM NaCacodylate, pH 6.8, at room tempera-
ture, rinsed three times in PTx (PBS  0.1% Triton X-100),
and washed in PTx for 30 min. Testes were then equili-
brated in staining buffer (7.2 mM Na2HPO4, 2.8 mM
NaH2PO4, 1 mM MgCl2, 0.15 M NaCl) for 10 min, and then
incubated overnight in staining buffer plus 5 mM each of
potassium ferro- and ferri-cyanide and 0.2% X-Gal (pre-
warmed to 37°C). The following day, the staining reaction
was stopped by rinsing twice in PTx. Testes were then
counterstained with 1 g/ml Hoechst 33258 (Sigma) in
PTx, rinsed, and mounted in 90% glycerol plus 5 mM each
of potassium ferro- and ferri-cyanide. Preparations were
analyzed by using both DIC optics and epifluorescence
microscopy.
Unmarked clones utilized an FRT chromosome without a
LacZ marker, and clones were induced as above and ana-
lyzed after mounting by using DIC optics. Degenerating
spermatocytes were easily distinguished from normal cysts
by their raised and rounded-up appearance. We only scored
degeneration at positions in the testis away from the gonial–
spermatocyte transition zone, where normal testes often
show some degenerating cysts (Tates, 1971). In the large-
scale FLP/FRT mutagenesis reported in Matunis et al.
(1997), we only rarely observed degenerating spermato-
cytes as we define here (13 lines out of 38,000 testes
scored), attesting to the specificity of this test.
Testis fixation and immunolocalization
Testes were dissected in Ringers and transferred imme-
diately to a tube of Ringers on ice. Testes were then fixed
for 15 min at room temperature in 4% formaldehyde in
buffer B (16.7 mM KH2PO4/K2HPO4, pH 6.8, 75 mM KCl,
25 mM NaCl, 3.3 mM MgCl2), rinsed three times in PTx,
washed for 30 min in PTx at room temperature, and either
stained with 1 g/ml Hoechst 33258 in PTx and mounted in
90% glycerol, or further processed for immunofluorescence.
Prior to immunofluorescence, testes were blocked in PTB
(3% BSA, 0.01% Na Azide in PTx) either at room temp for
1–2 h or overnight at 4°C. Testes were then incubated in
primary antibody overnight at 4°C at the following dilutions
in PTB: mouse anti-Eya 10H6 (ascites fluid, N Bonini)
1:1000; mouse anti--galactosidase (Sigma) 1:500; mouse
anti-So (F. Pignoni) 1:100; mouse anti-1b1 (Zaccai and
Lipshitz, 1996) 1:50; rat anti-DE cadherin (T. Uemura)
1:20; rabbit anti-Lamin DM0 (P. Fisher) 1:4000. Following
three rinses and two 30-min washes in PTx, testes were
incubated for 1 h at room temperature in the appropriate
secondary antibody (anti-mouse Cy2, Cy3, or Cy5; Jackson
Labs, 1:200 and 1:400, respectively, or anti-rat Alexa 488;
Molecular Probes, 1:400). Following another three rinses
and two 30-min washes in PTx, testes were stained with 1
g/ml Hoechst 33258 in PTx and mounted in 90% glycerol.
Slides were observed by using a Zeiss LSM 510 laser
scanning confocal microscope.
Precocious expression of eya and so in the cyst cells
All overexpressing clones were induced in 0- to 2-day-old
adult males with a 1-h heat shock at 38°C, followed by a 5- to
6-day aging at 25°C. Males of the genotype P{wAct  CD2
 Gal4}; P{w UAS-CD8-GFP}/hs-flp; P{wUAS-eya}
P{wUAS-so} were the experimental group and produced
positively marked overexpressing clones. In parallel, males
of the genotype P{wAct  CD2  Gal4}; P {w UAS-
CD8-GFP}/hs-flp; MKRS were induced to generate control
clones, expressing only GFP. As a negative control, males
of the genotype P{wAct  CD2  Gal4}; P{w UAS-
CD8-GFP}/CyO; MKRS were subjected to the same heat
shock treatment in order to observe basal GFP fluorescence.
Testes were dissected and prepared for immunofluores-
cence, as described above, and stained with rabbit anti-Vasa
(R. Lehmann) 1:2000 and mouse anti-1b1. After washing as
above, testes were probed with the appropriate secondary
antibodies (anti-rabbit Alexa 546; Molecular Probes, 1:400
and anti-mouse Cy5; Jackson Labs, 1:400), and then
washed, counterstained with Hoechst, and mounted as de-
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scribed above. The native GFP fluorescence was sufficient
to visualize positively marked clones.
Results
The eya3cs spermatogenic phenotype
While animals homozygous for null mutations in eya die
as embryos, weak eya alleles allow survival to adulthood.
eya3cs mutant adults eclosed at a reduced frequency, exhib-
ited severely reduced eyes, and were both male and female
sterile. We further investigated the male sterility of eya3cs
homozygous or hemizygous mutant males, which appeared
to exhibit a premeiotic testis phenotype (Fig. 2). While
testes from heterozygous control flies were wild-type in
both size and appearance, exhibiting prominent spermato-
cytes (arrows, Fig. 2A) and elongated spermatids (arrow-
heads, Fig. 2A), eya3cs/Df mutant testes were invariably
shorter, thinner, and generally devoid of postmeiotic stages
(Fig. 2B). Moreover, the lumens of the mutant testes ap-
peared to accumulate rounded-up spermatocyte cysts (ar-
rows, Fig. 2B). The mutant phenotype exhibited variable
expressivity, in that some testes become filled with these
rounded-up cysts; while others exhibit this phenotype to a
lesser degree (Figs. 2E and 5A). Despite the variable ex-
pressivity of the phenotype, every mutant testis examined
exhibited these aberrant cysts (Table 1). Moreover, the
rounded-up morphology of these spermatocyte cysts sug-
gested spermatocyte degeneration (Table 1), indicating that
eya is required for proper spermatocyte development.
Morphologically, the rounded-up clusters of spermato-
cytes in eya3cs/Df mutant testes were reminiscent of the few
degenerating cysts of spermatogonia observed in wild-type
testis preparations (Tates, 1971). Thus, we asked if the
spermatocytes in the mutant testes were undergoing apopto-
sis. To assay for apoptotic cells, we dissected testes from
both eya3cs/Df and control balancer heterozygotes and
stained the preparations with the vital dye acridine orange,
which preferentially labels apoptotic cells (Abrams et al.,
1993). Testes dissected from balancer heterozygotes, like
wild-type testes, contain a few degenerating cysts in the
gonial cell region of the testis. These dying cysts of gonial
cells were found only very near the testis tip (arrow, Fig. 2C),
and are distinct from the degenerating young spermatocytes we
were attempting to characterize. However, these dying gonia
served as a positive control for the acridine orange assay
(arrow, Fig. 2D). Thus, we easily identified apoptotic cells
using this assay. Testes dissected from eya3cs/Df flies exhibited
rounded-up spermatocytes (arrows, Fig. 2E) that were positive
for acridine orange stain (arrows, Fig. 2F). Thus, spermato-
cytes in eya3cs/Df mutant testes are apoptotic. These data in-
dicate a role for eya in spermatocyte viability.
To confirm a role for eya in spermatocyte development,
and to eliminate the possibility that spermatocyte death is an
indirect consequence of the compromised viability of the
adult male, we examined the consequences of completely
removing eya function from both dividing cell lineages of
the adult testis. Since null mutations in eya result in embry-
onic lethality, we recombined two distinct eyanull mutations
onto FRT chromosomes and used FLP/FRT mosaic analysis
to generate unmarked homozygous mutant clones in het-
erozygous testes. While non-heat-shocked, recombination-
competent testes did not exhibit degenerating spermatocytes
(Table 2), we consistently observed degenerating spermato-
cytes in testes where homozygous mutant eyanull clones were
generated (eyaIIE and eyaDI; Table 2), indicating that eya is
indeed required for spermatocyte development. Moreover,
these degenerating spermatocytes appeared small, suggesting
that cell death is occurring prior to maturation, supporting a
role for eya in spermatocyte development.
Eya is not required in the germline for spermatocyte
development
FLP/FRT analysis has shown that eya is required in a
dividing cell lineage within the testis for spermatocyte de-
velopment. Thus, eya may be required in the germline, the
Table 2
Examination of spermatocytes in unmarked clones
Genotype Number of
testes dissected
Percentage of
testes with
degenerating
spermatocytes
Non-hs; recombination competent 30 0
hs-FLP; eya[11E] FRT 40A FRT 40A 30 33
hs-FLP; eya[D1] FRT 40A FRT 40A 18 33
hs-FLP; FRT 42D so[3] FRT 42D 20 65
Table 3
Examination of spermatocytes in marked mutant clones
Genotype Number of testes
dissected
Percentage of testes with
germline clones (no degeneration)a
Percentage of testes with
LacZ degenerating spermatocytes
flp; ms(2)27CD FRT40A eya[IIE]FRT40A 127 18 7
flp; ms(2)27CD FRT40A FRT40A 127 20 0
flp; ms1059 FRT42D FRT42D so[3] 87 13 9
flp; ms1059 FRT42D FRT42D 46 22 0
a Spermatocyte degeneration was never observed in mutant germline clones.
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cyst cells, or both lineages simultaneously. To test these
possibilities, we modified the FLP/FRT system such that the
nonmutated FRT chromosome is now marked with a trans-
gene expressing LacZ in both the cyst cells and the germ-
line. When flippase is induced, LacZ-negative homozygous
null mutant eyaIIE clones were induced against a back-
ground of LacZ-positive heterozygous mutant and homozy-
gous wild-type cells. Thus, using X-Gal activity staining,
we were able to visualize homozygous mutant clones as
white, LacZ-negative cells against a background of blue,
LacZ-positive cells. Control clones, generated using the
marked FRT chromosome in trans to a wild-type FRT
chromosome, revealed that LacZ-negative germ cell clones
were induced in a significant fraction of the testes (Table 3).
Moreover, no spermatocyte phenotype was observed upon
analysis of control clones (Table 3), indicating that the
process by which testis clones were generated does not
result in spermatocyte degeneration.
In the experimental preparations, eyaIIE mutant germline
clones (arrowheads, Fig. 3B) and presumed cyst cell clones
(arrowhead, Fig. 3C) were obvious in comparison to testes
where clones were not induced (Fig. 3A). In the experimen-
tal samples, viable spermatocytes were consistently present
in cysts of LacZ-negative, and therefore eyaIIE mutant germ
cell clones (arrows, Fig. 3B and Table 3). Moreover, as in
this example, we were occasionally able to count 16 sper-
matocytes in eyaIIE null mutant germ cell cysts (Fig. 3B),
indicating that removing eya function from the germline did
not result in spermatocyte degeneration. Thus, eya function
is not required in the germline for spermatocyte develop-
ment.
Given the squamous morphology of the cyst cells, it was
not possible to visualize LacZ-negative, eyaIIE mutant cyst
cells encapsulating spermatocyte cysts. However, we did
observe cysts of LacZ-positive degenerating spermatocytes
(arrowhead, Fig. 3C and Table 3) in preparations where
eyaIIE mutant clones were induced. To confirm that these
LacZ-positive degenerating spermatocytes were indeed
Eya, and not just spuriously yielding X-Gal activity stain-
ing, we repeated the mosaic analysis substituting GFP for
LacZ as a marker for clone induction. Indeed, GFP-positive,
Eya germ cells do degenerate (Fig. 3D–F, arrow) in testes
with eya mutant clones. Since there are only two dividing
lineages in the testis (the germline and the cyst cells), this
result suggests that eya function was removed from the cyst
cell lineage, resulting in spermatocyte degeneration. Since
cysts of degenerating spermatocytes were never observed
when control clones were induced (Table 3), these data
suggest that eya function is required in the cyst cells for
spermatocyte development.
Eya is expressed in cyst cells
Given that eya is not required in the germline for sper-
matocyte development, and that spermatocytes degenerate
in presumed eyanull cyst cell clones, we next asked if Eya
Fig. 4. Eya is expressed in cyst cells. Testes from the enhancer line LacZ
842, which expresses LacZ in the hub, cyst progenitor cells, and cyst
cells, were dissected, fixed, stained with Hoechst (blue), and probed
with antibodies against LacZ (green, A) and Eya (red, B). The merged
image is shown in (C). While Eya protein expression is absent from the
hub (arrowhead) and cyst progenitor cells (small arrows), Eya protein is
expressed in cyst cells (large arrows). Eya protein expression (arrows)
begins in cyst cell nuclei associated with mid-to-late stage spermato-
gonial cysts, and is especially apparent at the spermatogonia-to-
spermatocyte transition zone (solid white barrier) obviated by the sharp
decline in Hoechst staining as spermatogonia begin to differentiate.
Bar, 30 m.
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was expressed in the cyst cells using anti-Eya antibodies. To
mark the somatic cells, we also employed an enhancer trap
line that expresses LacZ in the hub, cyst progenitor cells,
and cyst cells (Fig. 4A). When testes from these flies were
probed with anti-LacZ (Fig. 4A) and anti-Eya (Fig. 4B)
antibodies, we observed Eya stain only in somatic cell
nuclei that were LacZ-positive and distinct from the hub and
the cyst progenitor cells (arrows, Fig. 4C), indicating that
Eya is expressed in cyst cells.
Since eya is required in cyst cells for spermatocyte de-
velopment, we hypothesized that Eya protein expression
would begin in cyst cells enveloping germ cells about to
enter the spermatocyte differentiation program. Morpholog-
ically, this transition was visible by using DNA staining.
Amplifying spermatogonia stained brightly with DNA-
binding dyes. Spermatocytes, however, possess decon-
densed chromatin that stained poorly with the same dyes.
This developmental transition is demarcated by the white
curve in Fig. 4. Using Hoechst, a DNA-binding dye, and
anti-Eya antibodies, we observed Eya signal in cyst cells
adjacent to late-stage spermatogonial cysts and newly
formed spermatocyte cysts (Fig. 4B, arrows). Thus, the
timing of Eya protein expression is consistent with a role in
spermatocyte development.
Cysts of degenerating spermatocytes are encapsulated by
somatic cyst cells
Our examination of eya3cs mutant testes, combined with
the clonal analysis, suggests that eya is required in cyst cells
for proper spermatocyte development. However, it re-
mained possible that removal of eya function from the soma
leads to cyst cell death, indirectly resulting in spermatocyte
degeneration. In order to distinguish between these two
possibilities, we stained eya3cs/Df testis preparations with
anti-DE cadherin antibodies, which specifically label the
membranes of the cyst cells and the hub (Tazuke et al.,
2002). Thus, if cyst cells are present around cysts of degen-
erating spermatocytes, they would be easily visualized us-
ing this antibody. Since it was difficult to visualize individ-
ual cysts of degenerating spermatocytes, along with their
associated cyst cells, in a testis filled with degenerating
cysts, we exploited the variable expressivity of the eya3cs/Df
phenotype by selecting testes with low-level degeneration,
which were ideal candidates for observing a single degen-
erating cyst. Cysts of degenerating spermatocytes (arrow-
heads, Fig. 5A and C), visible in eya3cs/Df testes using
Nomarski optics, were obvious by DNA staining (arrow-
head, D), and were clearly encapsulated by somatic cyst
cells, as visualized by anti-DE cadherin antibodies (arrow-
heads, Fig. 5B, E, and F). Identical results were obtained by
using anti-3-tubulin antibodies, which also labeled the so-
matic cyst cells (data not shown). Thus, removal of eya
function does not result in cyst cell death, further supporting
a role for eya during spermatocyte development.
A role for sine oculis in spermatocyte development
During eye development, Eya interacts with Sine Oculis
(So), a homeodomain-containing protein (Pignoni et al.,
1997). Together, Eya and So form a transcription complex
that is thought to activate the expression of target genes
required for proper eye morphogenesis (Pignoni et al.,
1997). We asked if So may also play a role in spermatocyte
formation.
First, we used immunolocalization to determine whether
So is expressed in the cyst cells. When wild-type testes were
probed with anti-So antibodies, we observed distinctly la-
beled foci characteristic of expression in the soma (Fig. 6A,
arrows). Thus, So is expressed in cyst cells. Using immu-
nolocalization and DNA microarray analysis (N. Terry and
S.D., unpublished observations), we determined that the
Fig. 5. Cyst cells encapsulate degenerating spermatocytes in eya3cs/Df
testes. Testes from eya3cs/Df males were dissected, fixed, stained with
Hoechst, and probed with antibodies against DE-cadherin to mark the
somatic cells. Preparations were analyzed using both DIC optics (A, C) and
confocal microscopy (B, D–F). Shown here is one testis at low (A, B) and
high (C–F) magnification. In this particular preparation, one cyst of de-
generating spermatocytes and associated cyst cells was clearly visible by
using DIC optics (arrowheads, A, C). Analysis of the same testis using
confocal microscopy reveals the nuclei of the degenerating spermatocytes
(arrowhead, D) and anti-DE cadherin staining (arrowheads, B, E, F) sur-
rounding this cyst. Bar: (A, B) 100 m; (C–F) 30 m.
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dachshund (dac) gene, which also synergizes with eya and
so during eye development (Chen et al., 1997; Shen et al.,
1997), was not expressed in the testis (data not shown).
We next asked if so is required for spermatocyte devel-
opment. To address this question, we first analyzed so
mutant alleles for testis phenotypes. so3 is a null allele that
results in embryonic lethality (Cheyette et al., 1994). How-
ever, when so3 was placed in trans to so9, a weak hypo-
morphic allele (Cheyette et al., 1994), adult males were
viable and fertile. Upon dissection, so3/so9 testes are wild-
type in appearance and do not exhibit degenerating sper-
matocytes (Table 1). Thus, viable, heteroallelic combina-
tions did not reveal a functional role for so in spermatocyte
development. In order to completely remove so function
from the testis, we generated unmarked mutant clones using
the FLP/FRT recombination system and the so3 null muta-
tion. Non-heat-shocked, but recombination competent con-
trol testes did not exhibit an observable phenotype (Table
2). However, we observed spermatocyte degeneration in a
significant fraction of testes induced to form so3 mutant
clones (Table 2). Thus, so is required for spermatocyte
development.
Since so is required for proper spermatocyte differenti-
ation, we asked if so is required in the germline for sper-
matocyte development. We addressed this question using
the modified FLP/FRT-mediated recombination system in
which the nonmutated FRT chromosome is tagged with a
P-element expressing LacZ in the germline. Thus, similar to
the marked eya mutant germline clones, homozygous so3
mutant germline clones will be LacZ-negative upon staining
for X-Gal activity. Control clones, generated using a
marked FRT chromosome in trans to a wild-type FRT
chromosome, revealed that LacZ-negative germline clones
were induced in a significant fraction of the testes, and that
induction did not result in a spermatocyte phenotype (Table
3). LacZ-negative homozygous so mutant clones consis-
tently revealed clusters of healthy spermatocytes (arrow,
Fig. 6B and Table 3), indicating that so is not required in the
germline for spermatocyte development. When degenerat-
ing spermatocytes were observed, they were always LacZ-
positive (arrow, Fig. 6C and Table 3), suggesting that re-
moval of so function from the cyst cells resulted in
spermatocyte degeneration. Thus, so, like eya, is required in
cyst cells for spermatocyte development.
A genetic interaction between eya and so in the testis
During the development of the Drosophila eye, Eya and
So form a transcription complex that is thought to be re-
sponsible for activating target gene expression (Pignoni et
al., 1997). Given that both eya and so are required in the
somatic cyst cells for spermatocyte development, we tested
for a genetic interaction between eya and so during sper-
matocyte development. Since there are no male-sterile so
allelic combinations, we reasoned that removing one copy
of eya (using a deficiency that uncovers eya) in a viable so
mutant background might reveal an interaction between eya
and so. Indeed, while testes dissected from so3/so9 or
Df(eya)so3/CyO adult males were wild-type in appearance
(Table 1, ADULTS), degenerating spermatocytes were ob-
served in testes dissected from Df(eya)so3/so9 adult males at
a significant frequency (Table 1, ADULTS). Moreover,
dissection of testes from uneclosed Df(eya)so3/so9 mutant
pupae (pharate adults) revealed a marked increase in degen-
eration frequency as compared with balancer sibs and so3/
so9 pupal testes (Table 1, PUPAE). To eliminate the possi-
bility that the observed degeneration phenotype was due to
a separate, unrelated gene within the deficiency, testes were
also dissected from eya3csso3/so9 adults. Significant sper-
matocyte degeneration was also observed in these prepara-
tions as compared with balancer controls (Table 1,
ADULTS), indicating that the observed phenotype is due to
the removal of the eya gene product in a so mutant back-
ground. Thus, Eya and So genetically interact in the cyst
cells. This result suggests that Eya and So may synergize to
activate a program of gene expression in the cyst cell lin-
eage.
eya and so are necessary, but not sufficient, for
spermatocyte development
Since eya and so are sufficient for eye development, we
wondered if both gene products were also sufficient to
induce spermatocyte development. We reasoned that ec-
topic expression of eya and so together in the cyst cells
might result in precocious differentiation of gonial cells into
spermatocytes.
To test this hypothesis, we precociously expressed eya
and so in the somatic lineage of the testis (see Materials and
methods). Using chromatin condensation and the fusome as
a marker for spermatocyte development, we were unable to
detect precocious spermatocyte differentiation in cysts de-
rived from overexpressing Eya and So in somatic stem cells
(data not shown). Thus, precocious expression of eya and so
is unable to induce precocious spermatocyte development.
We conclude that eya and so are necessary, but not suffi-
cient, for spermatocyte development.
Discussion
In this study, we have uncovered a role for the Eyes
Absent (Eya) and Sine Oculis (So) transcription factors in
Drosophila spermatogenesis. Both gene products are nec-
essary for proper spermatocyte development. Interestingly,
expression of both genes is dispensable in the germline for
spermatocyte development, suggesting a requirement in the
somatic cyst cells. Consistent with a somatic requirement
for both genes, expression of both proteins is absent from
the germline, but present in the cyst cells. Moreover, our
data point to a genetic interaction between eya and so in the
testes, suggesting that, as in eye development, Eya and So
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may physically interact to form a transcription complex
responsible for the activation of a battery of genes in the
somatic cyst cells of the testis.
While this study has uncovered a somatic role for eya
and so in spermatocyte development, we were limited by
our inability to detect a spermatocyte defect prior to cell
death. Amplifying gonial cells in eya3cs/Df testes appeared
morphologically indistinguishable from wild-type gonia and
exhibited branched fusomes (data not shown), indicating
that spermatogonia in eya mutant testes undergo amplifica-
tion as in wild-type. Moreover, spermatogonia in eya mu-
tant testes express cytoplasmic Bam protein (data not
shown), a faithful marker of amplifying gonia in wild-type
testes. Taken together, these data suggest that spermatogo-
nial differentiation is unaffected in eya mutant testes. How-
ever, it should be noted that eya3cs/Df testes are not null for
eya function. Thus, the residual Eya protein might prevent
earlier defects. To address this issue, we examined degen-
erating spermatocytes from testis containing unmarked
eyaIIE clones. In 4 of 8 degenerating cysts, we counted 16
spermatocytes. This confirms that depletion of eya does not
necessarily affect gonial development, though it leads to
spermatocyte degeneration. Four other degenerating cysts
contained less than 16 spermatocytes, yet all contained
greater than 10. Either we could not count all degenerating
cells within these cysts or some spermatocytes fully degen-
erated before harvesting the testes. In either event, since all
degenerating cysts progressed passed the third mitotic divi-
sion, depletion of eya does not appear to perturb germline
development prior to spermatocyte differentiation.
Since spermatogonia appear to differentiate as in wild-
type testes, we reasoned that the initial spermatogenic de-
fect, prior to cell death, might be observable in early sper-
matocytes. However, we were limited by the difficulty
involved in positively marking cysts of wild-type germ
cells, encased by eya or so mutant cyst cells, prior to
spermatocyte degeneration within these cysts.
Ectopic expression of eya and so using dpp-GAL4 results
in the formation of ectopic eyes on the leg, wing, and
antennal imaginal disc (Bonini et al., 1997; Pignoni et al.,
1997). While ectopic expression of so alone is insufficient to
induce ectopic eyes (Pignoni et al., 1997), expression of two
copies of eya induces ectopic eyes relatively frequently
(Bonini et al., 1997). Moreover, dpp-GAL4-driven expres-
sion of eya and so together results in a dramatic increase in
ectopic eye formation compared with ectopic expression of
eya alone, indicating that eya and so function synergistically
to induce eye development (Pignoni et al., 1997). Interest-
ingly, we were unable to detect precocious spermatocyte
differentiation upon precocious expression of Eya and So in
the somatic lineage of the testis. However, we cannot rule
out the possibility that amplifying gonia, exposed to preco-
cious eya and so expression in the cyst cells, are turning on
spermatocyte-specific genes in response to precocious eya
and so expression. The technical difficulties imposed by
using spermatocyte-specific in situ probes in conjunction
with the immunofluorescence procedure necessary for visu-
alizing GFP and anti-Vasa (to mark the germline), along
with the paucity of spermatocyte-specific antibodies, make
it difficult to test this hypothesis.
Since in our clonal analysis, cysts of degenerating sper-
matocytes are very young, we infer an early requirement for
both eya and so during spermatocyte development. This
finding is distinct from earlier work on both the spermato-
cyte arrest class of genes (Lin et al., 1996; White-Cooper et
al., 1998, 2000) and genes required for meiotic entry (Cheng
et al., 1998; Eberhart and Wasserman, 1995; Maines and
Wasserman, 1999; White-Cooper et al., 1993). In both
classes of mutants, spermatocytes form and mature, as
judged by morphology and marker analysis, but fail to
initiate meiosis. Given that cysts of degenerating spermato-
cytes in presumed eyanull cyst cell clones are small and
adjacent to the spermatogonia-to-spermatocyte transition
zone, our clonal analysis suggests that spermatocytes de-
generate prior to maturation. Thus, eya and so may act
temporally prior to or in parallel to the spermatocyte arrest
and meiotic entry pathways. Indeed, further support for this
proposition comes from the observation that Eya expression
in cyst cells was normal in mutants such as spermatocyte
arrest, cannonball, and always early (data not shown).
An intercellular mechanism governing spermatocyte
development
Proper spermatocyte development requires Eya/So func-
tion in the somatic cyst cells. One formal possibility is that
removal of Eya/So function from the cyst cells leads to cyst
cell death, subsequently resulting in spermatocyte degener-
ation. However, our data indicate that degenerating sper-
matocytes are encysted, suggesting that Eya/So is involved
in gene regulation within the soma. Putative targets of
Eya/So in the cyst cells are unknown, but two major pos-
sibilities exist. Their interaction might serve to promote
spermatocyte development indirectly, by promoting cyst
cell differentiation, or directly, by regulating a signal to the
germline. Given that cyst cells progress through develop-
mental stages marked by differential gene expression
(Go¨nczy et al., 1992), we favor the first possibility. It
remains to define the target genes of Eya/So within the soma
that promote cyst cell differentiation. In addition, since the
somatic cells are essential for continued spermatocyte de-
velopment and viability, the signal(s) from the somatic cyst
cells to the germline may be among Eya/So targets. Thus,
Eya and So represent a useful starting point for elucidating
players involved in further cyst cell as well as spermatocyte
development.
Interestingly, previous studies have uncovered a somatic
role for eya in the gonad prior to its expression in testis cyst
cells. During gonadogenesis in Drosophila, eya functions
independently of so and is required in the somatic gonadal
precursor (SGP) cells, which are the precursors of both the
hub and the cyst cells of the adult testis (Boyle et al., 1997).
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Thus, eya is required independently of so during the initial
development of the somatic cells of the testis, and only later
in maturing cyst cells. Therefore, as in eye development,
where eya functions with different partners at several time
points within the same tissue (Pignoni et al., 1997), eya is
redeployed after gonad formation to function synergistically
with so during spermatogenesis.
eya and so in various developmental contexts
eya and so play multiple developmental roles. Originally,
both genes were discovered based on their roles in eye
development (Bonini et al., 1993; Cheyette et al., 1994),
where they are regulated by the Pax6 homologs eyeless (ey)
(Halder et al., 1998) and twin of eyeless (toy) (Czerny et al.,
1999). eya and so subsequently synergize with dachshund
(dac) (Chen et al., 1997; Shen et al., 1997) to activate
transcription of target genes required for photoreceptor dif-
ferentiation. In the testis, we did not observe ey expression
using two ey-LacZ fusion strains (Halder et al., 1998) (data
not shown). Moreover, using DNA microarray analysis, we
failed to detect ey, toy, or dac expression from wild-type
testis RNA where eya and so were readily detected (N.
Terry and S.D., unpublished observations), suggesting that
the eye specification cascade is not operational in the so-
matic cyst cells. Thus, eya and so are likely to function
independently of other known regulators during spermato-
genesis.
Further evidence for the independent functioning of eye-
specification cascade gene members comes from studies of
the Drosophila mushroom body, the center for higher order
behavior in the fly brain. During mushroom body develop-
ment, only ey, toy, and dac are required (Kurusu et al., 2000;
Noveen et al., 2000). Interestingly, although these genes are
known to regulate one another’s expression during eye
development (Chen et al., 1997; Czerny et al., 1999; Shen
and Mardon, 1997), they do not appear to be contained
within a regulatory feedback loop during mushroom body
development (Kurusu et al., 2000; Noveen et al., 2000).
Thus, members of the eye specification cascade may act
completely independent of one another during development
of various tissues in the fly.
Interactions between eya and so homologs in vertebrates
also illustrate alternate regulation of pathway components
during the development of various tissue types. The mam-
malian homolog of eya is also required in conjunction with
Fig. 6. Sine oculis is required in cyst cells for spermatocyte development.
(A) Testes from wild-type males were dissected, fixed, stained with
Hoechst (blue), and probed with antibodies against So (red) and lb1, an
adducin-like fusome component that serves to mark the germline (green).
So protein is expressed in cyst cells (arrows) adjacent to the spermatogo-
nia-to-spermatocyte transition zone demarcated by the sharp decrease in
Hoechst staining (blue). (B, C). Flies of the genotype hs-flp; FRT 42B
so3/FRT 42B P {LacZ} were subjected to heat shock, aged 6 days, stained
for X-Gal activity, and visualized by DIC optics. (B) Low magnification
image of a LacZ-negative so3/germline clone (arrow). Homozygous mutant
spermatocytes are wild-type in appearance with prominent nucleoli. (C)
Low magnification image of a presumed so3 cyst cell clone (arrow). Since
the degenerating spermatocytes are LacZ-positive, we infer a cyst cell
requirement for so. Bar (A) 30 m; (B, C) 100 m.
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Pax6 for eye development (Hanson, 2001; Wawersik and
Maas, 2000). Interestingly, the mammalian so orthologues
Optix, Six3, and Six6 are all expressed in the developing eye
and are each required for eye development, but fail to
interact with Eya proteins during eye development (Hanson,
2001). Thus, although the same genes appear to specify eye
development in flies and mammals, they appear to interact
in unique ways in an analogous tissue, the eye. Interestingly,
the eye-specification cascade does appear to be conserved
during avian muscle development, where Pax3 acts up-
stream of Eya2, Dach2, and Six1 to induce myogensis
(Heanue et al., 1999). Thus, the “eye-specification” cascade
does not necessarily result in eye development.
Taken together, the observed interaction between eya
and so during spermatocyte development is consistent with
other developmental pathways that do not involve the ca-
nonical members of the eye-specification cascade. More-
over, a genetic interaction does not necessarily dictate a
physical interaction and eya and so might be functioning in
separate, but parallel pathways in the cyst cells. Thus, future
experiments will aim to identify other players in this poten-
tially unique signaling cascade.
Acknowledgments
We thank Nancy Bonini, Francesca Pignoni, and Ilaria
Rebay for supplying reagents and fly stocks. We also ac-
knowledge Tadashi Uemura for supplying the anti-DE cad-
herin antibody. Lastly, we are extremely grateful to Marga-
ret Fuller and Steve Wasserman, and the Wilder and
DiNardo lab members for their critical comments and sug-
gestions. This work is supported by NIH Grant GM60804
(to S.D.).
References
Abrams, J.M., White, K., Fessler, L.I., Steller, H., 1993. Programmed cell
death during Drosophila embryogenesis. Development 117, 29–43.
Blume-Jensen, P., Jiang, G., Hyman, R., Lee, K.F., O’Gorman, S., Hunter,
T., 2000. Kit/stem cell factor receptor-induced activation of Phospha-
tidylinositol 3-kinase is essential for male fertility. Nat. Genet. 24,
157–162.
Bonini, N.M., Bui, Q.T., Gray-Board, G.L., Warrick, J.M., 1997. The
Drosophila eyes absent gene directs ectopic eye formation in a pathway
conserved between flies and vertebrates. Development 124, 4819–
4826.
Bonini, N.M., Leiserson, W.M., Benzer, S., 1993. The eyes absent gene:
genetic control of cell survival and differentiation in the developing
Drosophila eye. Cell 72, 379–395.
Bonini, N.M., Leiserson, W.M., Benzer, S., 1998. Multiple roles of the
eyes absent gene in Drosophila. Dev. Biol. 196, 42–57.
Boyle, M., Bonini, N., DiNardo, S., 1997. Expression and function of clift
in the development of somatic gonadal precursors within the Drosoph-
ila mesoderm. Development 124, 971–982.
Chen, R., Amoui, M., Zhang, Z., Mardon, G., 1997. Dachshund and eyes
absent proteins form a complex and function synergistically to induce
ectopic eye development in Drosophila. Cell 91, 893–903 [see com-
ments].
Cheng, M.H., Maines, J.Z., Wasserman, S.A., 1998. Biphasic subcellular
localization of the DAZL-related protein boule in Drosophila spermat-
ogenesis. Dev. Biol. 204, 567–576.
Cheyette, B.N., Green, P.J., Martin, K., Garren, H., Hartenstein, V., Zi-
pursky, S.L., 1994. The Drosophila sine oculis locus encodes a home-
odomain-containing protein required for the development of the entire
visual system. Neuron 12, 977–996.
Czerny, T., Halder, G., Kloter, U., Souabni, A., Gehring, W.J., Busslinger,
M., 1999. twin of eyeless, a second Pax-6 gene of Drosophila, acts
upstream of eyeless in the control of eye development. Mol. Cell 3,
297–307.
Eberhart, C.G., Wasserman, S.A., 1995. The pelota locus encodes a protein
required for meiotic cell division: an analysis of G2/M arrest in Dro-
sophila spermatogenesis. Development 121, 3477–3486.
Fuller, M.T., 1993. Spermatogenesis, in: Martinez-Arias, A. (Ed.), The
Development of Drosophila melanogaster, Vol. 1, Cold Spring Harbor
Press, Cold Spring Harbor, NY, pp. 71–147.
Go¨nczy, P., DiNardo, S., 1996. The germ line regulates somatic cyst cell
proliferation and fate during Drosophila spermatogenesis. Develop-
ment 122, 2437–2447.
Go¨nczy, P., Viswanathan, S., DiNardo, S., 1992. Probing spermatogenesis
in Drosophila with P-element enhancer detectors. Development 114,
89–98.
Griswold, M.D., 1995. Interactions between germ cells and Sertoli cells in
the testis. Biol. Reprod. 52, 211–216.
Halder, G., Callaerts, P., Flister, S., Walldorf, U., Kloter, U., Gehring,
W.J., 1998. Eyeless initiates the expression of both sine oculis and eyes
absent during Drosophila compound eye development. Development
125, 2181–2191.
Hanson, I.M., 2001. Mammalian homologues of the Drosophila eye spec-
ification genes. Semin. Cell Dev. Biol. 12, 475–484.
Hardy, R.W., Tokuyasu, K.T., Lindsley, D.L., Garavito, M., 1979. The
germinal proliferation center in the testis of Drosophila melanogaster.
J. Ultrastruct. Res. 69, 180–190.
Heanue, T.A., Reshef, R., Davis, R.J., Mardon, G., Oliver, G., Tomarev, S.,
Lassar, A.B., Tabin, C.J., 1999. Synergistic regulation of vertebrate
muscle development by Dach2, Eya2, and Six1, homologs of genes
required for Drosophila eye formation. Genes Dev. 13, 3231–3243.
Kiger, A.A., Jones, D.L., Schulz, C., Rogers, M.B., Fuller, M.T., 2001.
Stem cell self-renewal specified by JAK-STAT activation in response
to a support cell cue. Science 294, 2542–2545.
Kiger, A.A., White-Cooper, H., Fuller, M.T., 2000. Somatic support cells
restrict germline stem cell self-renewal and promote differentiation.
Nature 407, 750–754.
Kurusu, M., Nagao, T., Walldorf, U., Flister, S., Gehring, W.J., Furukubo-
Tokunaga, K., 2000. Genetic control of development of the mushroom
bodies, the associative learning centers in the Drosophila brain, by the
eyeless, twin of eyeless, and Dachshund genes. Proc. Natl. Acad. Sci.
USA 97, 2140–2144.
Leiserson, W.M., Benzer, S., Bonini, N.M., 1998. Dual functions of the
Drosophila eyes absent gene in the eye and embryo. Mech. Dev. 73,
193–202.
Lin, T.Y., Viswanathan, S., Wood, C., Wilson, P.G., Wolf, N., Fuller,
M.T., 1996. Coordinate development control of the meiotic cell cycle
and spermatid differentiation in Drosophila males. Development 122,
1331–1341.
Lindsley, D.L., Tokuyasu, K.T., 1980. Spermatogenesis in: Wright, T.R.F.
(Ed.), The Genetics and Biology of Drosophila, 2nd edition, Academic
Press, London, pp. 225–294.
Maines, J.Z., Wasserman, S.A., 1999. Post-transcriptional regulation of the
meiotic Cdc25 protein Twine by the Dazl orthologue Boule. Nat. Cell
Biol. 1, 171–174.
Matunis, E., Tran, J., Gonczy, P., Caldwell, K., DiNardo, S., 1997. punt
and schnurri regulate a somatically derived signal that restricts prolif-
eration of committed progenitors in the germline. Development 124,
4383–4391.
127J.J. Fabrizio et al. / Developmental Biology 258 (2003) 117–128
Noveen, A., Daniel, A., Hartenstein, V., 2000. Early development of the
Drosophila mushroom body: the roles of eyeless and dachshund. De-
velopment 127, 3475–3488.
Ogawa, T., Dobrinski, I., Avarbock, M.R., Brinster, R.L., 2000. Transplan-
tation of male germ line stem cells restores fertility in infertile mice.
Nat. Med. 6, 29–34.
Pignoni, F., Hu, B., Zavitz, K.H., Xiao, J., Garrity, P.A., Zipursky, S.L.,
1997. The eye-specification proteins So and Eya form a complex and
regulate multiple steps in Drosophila eye development. Cell 91, 881–
891.
Roosen-Runge, E.C., 1977. The Process of Spermatogenesis in Animals.
University Press, London.
Shen, C.P., Jan, L.Y., Jan, Y.N., 1997. Miranda is required for the asym-
metric localization of Prospero during mitosis in Drosophila. Cell 90,
449–458.
Shen, W., Mardon, G., 1997. Ectopic eye development in Drosophila
induced by directed dachshund expression. Development 124, 45–52.
TatesA.D. Cytodifferentiation during spermatogenesis in Drosophila mela-
nogaster: an electron microscope study, 1971 Ph.D. thesis, Rijksuni-
versiteit Leiden.
Tazuke, S.I., Schulz, C., Gilboa, L., Fogarty, M., Mahowald, A.P., Guichet,
A., Ephrussi, A., Wood, C.G., Lehmann, R., Fuller, M.T., 2002. A
germline-specific gap junction protein required for survival of differ-
entiating early germ cells. Development 129, 2529–2539.
Tran, J., Brenner, T.J., DiNardo, S., 2000. Somatic control over the germ-
line stem cell lineage during Drosophila spermatogenesis. Nature 407,
754–757.
Tulina, N., Matunis, E., 2001. Control of stem cell self-renewal in Dro-
sophila spermatogenesis by JAK-STAT signaling. Science 294, 2546–
2549.
Wawersik, S., Maas, R.L., 2000. Vertebrate eye development as modeled
in Drosophila. Hum. Mol. Genet. 9, 917–925.
White-Cooper, H., Alphey, L., Glover, D.M., 1993. The cdc25 homologue
twine is required for only some aspects of the entry into meiosis in
Drosophila. J. Cell Sci. 106, 1035–1044.
White-Cooper, H., Leroy, D., MacQueen, A., Fuller, M.T., 2000. Tran-
scription of meiotic cell cycle and terminal differentiation genes de-
pends on a conserved chromatin associated protein, whose nuclear
localisation is regulated. Development 127, 5463–5473.
White-Cooper, H., Schafer, M.A., Alphey, L.S., Fuller, M.T., 1998. Tran-
scriptional and post-transcriptional control mechanisms coordinate the
onset of spermatid differentiation with meiosis I in Drosophila. Devel-
opment 125, 125–134.
Zaccai, M., Lipshitz, H.D., 1996. Differential distributions of two adducin-
like protein isoforms in the Drosophila ovary and early embryo. Zygote
4, 159–166.
Zimmerman, J.E., Bui, Q.T., Liu, H., Bonini, N.M., 2000. Molecular
genetic analysis of Drosophila eyes absent mutants reveals an eye
enhancer element. Genetics 154, 237–246.
128 J.J. Fabrizio et al. / Developmental Biology 258 (2003) 117–128
